Abstract: Metamaterials have emerged as promising solutions for manipulation of sound waves in a variety of applications. Locally resonant acoustic materials (LRAM) decrease sound transmission by 500% over acoustic mass law predictions at peak transmission loss (TL) frequencies with minimal added mass, making them appealing for weight-critical applications such as aerospace structures. In this study, potential issues associated with scale-up of the structure are addressed. TL of singlecelled and multi-celled LRAM was measured using an impedance tube setup with systematic variation in geometric parameters to understand the effects of each parameter on acoustic response.
Introduction
Construction of aerospace structures relies increasingly on composite materials designed to provide increased strength-to-weight ratios compared to traditional metal-based constructions [1] [2] [3] [4] .
Although composite structures are ideal for mechanical performance, acoustic transmission loss performance (noise mitigation) is compromised, resulting in the need for lightweight acoustic treatments. Traditional acoustic isolation approaches employ combinations of mass, acoustic absorption, and sealing, which are effective at lower frequencies with sufficient mass, but are ineffective at low frequencies because of mass law-dominated performance [5] . Several approaches have been considered to improve acoustic insulation without increased weight penalty. These have included addition of mass inclusions to foam materials [6] , impedance mismatch of gas layers [7] , and the use of micro-perforated panels [8] , These approaches have shown varying degrees of improvement in sound insulation, although they have provided minimal increase in transmission loss (TL) (<20 dB) at low frequencies (<1000 Hz).
Metamaterials derive their properties from structure rather than composition, and were initially proposed by Veselago [9] for manipulation of electromagnetic (EM) waves. Similarities between EM and acoustic waves led to the development of acoustic metamaterials with negative dynamic mass and modulus [10] [11] [12] [13] [14] [15] . A broad range of applications for these structures have been proposed, such as cloaking [16] [17] [18] , diodes [19] , and sound insulation [20, 21] . Locally resonant acoustic materials with negative dynamic mass density have been shown to demonstrate significant increase (5×) in TL over mass law predictions for a narrow band (100 Hz) at low frequencies (100-1000 Hz) [14, [22] [23] [24] . In recent work, the peak TL frequency was tuned to specific values by varying the Scaling of membrane-type locally resonant acoustic metamaterial arrays Naify, Christina J. and Chang, Chia-Ming and McKnight, Geoffrey and Nutt, Steven R., The Journal of the Acoustical Society of America, 132, 2784-2792 (2012), DOI:http://dx.doi.org/10.1121/1. 4744941 3 membrane properties and mass. Investigation of single-celled structures included measured and predicted TL response, characterization of mode shapes [15, 25] , and experimental verification of negative dynamic mass at the peak TL frequency [15] . The variation in mass magnitude across the array locally resonant acoustic materials (LRAM) and the effect of support frame compliance was evaluated, and demonstrated that decreased compliance resulted in decreased TL peak bandwidth [26] .
In the present work, a more complete parametric analysis is presented to guide the scale-up of the LRAM structure from a single cell to multi-celled array and to explore issues and effects associated with scale-up. Previous studies focused on characterization of single-celled structures, to understand the underlying physical phenomena [15] , and small-scale (four-celled) arrays, to understand the effects of multiple cells [26] .
In this study, some of the issues encountered in scale-up of the structure are addressed, including multi-cell dynamics, variation in cell size, and broadening of the TL peak to increase the sound insulation bandwidth. TL of single-celled structures is measured for variations in the mass magnitude and membrane radius using an impedance tube setup. The measured TL is compared to the results of acoustic-structural finite element analysis (FEA) modeling to understand the role of each geometric parameter on the acoustic performance. TL of stacked, single-celled structures is also evaluated using both experimental and FEA techniques with variation in mass distribution between each stacked layer, and variation in stacking distance. Depending on the mass distribution between each layer, increased TL or multiple TL peaks was achieved.
Four-celled coupons were also constructed and analyzed to better understand the response of array structures. TL behavior was measured for multiple configurations with different magnitudes of mass distributed across each of the cell membranes in the array. The frame stiffness was also varied to determine the effect of the frame vibration on LRAM performance. The measured TL of the multicelled structure was compared to TL behavior predicted by FEA to understand the effect of increasing the number of cells. Finally, multiple four-celled panels were stacked in series to create a structure with increased TL bandwidth. Dynamic response of array structures was evaluated to determine the phase relationship between cells and verify negative dynamic mass of the array.
Section II of the study provides details of both the structure fabrication and characterization. Results are presented in Sec. III for both the single-cell and multi-celled structures. The results are then discussed in Sec. IV and the implications of the research are considered in Sec. V.
Methods

Sample fabrication
Membrane-type LRAM structures were constructed of a thin, tensioned membrane, a centrally located mass, and a support frame [ Fig. 1(a) ]. Two sample types were constructed-a circular singlecell sample with diameter of 24 mm, and a four-cell array with each cell 27.4 mm across. The fourcelled array structure [ Fig. 1(b) ] was mounted in a tube adaptor constructed of 10 mm thick steel with a diameter of 100 mm. Mass was added to the membranes by bonding small metal disks (0.08 g, 3 mm diameter) to the center of each cell. For low-frequency cells, a soft silicone rubber was used for the membranes, while for higher frequencies, a stiff thermoplastic, polyetherimide (PEI), was used.
Scaling of membrane-type locally resonant acoustic metamaterial arrays Naify, Christina J. The multi-celled arrays were constructed by stretching a large single membrane over a support frame The support structure for the single-cell structure was constructed of a quasi-isotropic composite (glass fiber and epoxy), while the support structure for the array structures was aluminum. The thickness of all of the frame materials was 1 mm. 
Characterization
Normal incidence sound transmission measurements for the single-cell and four-celled array structures were conducted using an impedance tube (Brüel and Kjaer model 4206, ASTM E2611-09) [27] . Figure 2 shows a schematic of the impedance tube used for measuring TL of the 29 mm diameter circular samples over a frequency range of 100 Hz-6.4 kHz. The TL of the four-celled array was measured using a large-diameter impedance tube (schematic not shown, frequency range 50 Hz-2 kHz). All of the samples were mounted in the tube with a clamped boundary condition and excited using a broadband, plane wave sound source. Two microphones were positioned upstream of the sample to measure the incident sound pressure level, while two additional microphones were situated downstream of the sample to measure the transmitted sound pressure level. An anechoic termination (in the form of a foam plug) on the receiver side of the sample prevented transmitted sound from being reflected back to the sample. The TL of the structure was calculated using a transfer matrix method (PULSE software, Brüel and Kjaer). 
Results
Single cell
Transmission loss of the circular, single-celled structures was evaluated for various mass magnitudes and mass diameters. The measured TL profile of the structure with variation in mass magnitude is shown in Fig. 3(a) . As the magnitude of mass attached to the center of the membrane was increased, the TL peak frequency decreased, while the magnitude of the TL peak increased. Similar trends were observed for the low-frequency resonance, while the high-frequency resonance frequency was unchanged. Increase in the magnitude of mass by a factor of 3 increased the TL peak magnitude by 11 dB. Figure 3 (b) shows the measured TL with increase in mass radius (membrane radius and material and mass magnitude were constant for each mass radius). As the mass radius was increased from 1.5 to 5 mm the TL peak and resonance frequencies increased. The TL peak frequency increased from ∼700 Hz to ∼1.1 kHz. The magnitude of the TL peak, however, remained constant with variation in mass radius. Transmission loss for structures stacked in series was also measured using the impedance tube setup. while the magnitude of a single sample was 47 dB. The first resonance, second resonance, and TL peak frequencies for the configuration with stacked samples were within 3% of the frequencies for the single layer configuration. The overall TL for the stacked configurations, however, was ∼10 dB higher than that of the single cell. The stacked configuration produced a resonance frequency at 5 kHz, as well as the same high-frequency resonance as the single sample (∼3.5 kHz).
The TL was measured for non-identical stacked samples in which the first layer (closest to the incident sound field) featured 0.08 g/cell, while the second layer (closest to the tube termination) 
Four-celled array
The TL measured for the four-celled array with variation in mass magnitude across the cells is shown in Fig. 5(a) . Additionally, TL was measured for a square, single-celled structure (schematic not Increasing the central mass magnitude resulted in both a decrease in peak TL frequency and an increase in TL peak magnitude, much like the circular single-cell structure. The four-celled array structure with uniform mass distribution displayed a single TL peak and a single low-frequency resonance, with frequencies similar to those of the square single cell. The magnitude of the TL for the square single cell, however, was ∼10 dB greater than that of the array structure, with peak TL and resonance frequencies about 10% lower than those measured for the array.
FEA-predicted TL for the four-celled array structure with variation in central mass magnitude is shown in Fig. 5(b) . The FEA model used a two-dimensional shell structure to facilitate calculation intensity. As with the single-cell model, the FEA did not include damping in the membrane material and used an incident pressure of 1 Pa. Predicted values of resonance and TL peak frequencies were within 10% of the measured values. frequencies for the four-celled array. The differences between the measured and FEA-predicted results (expressed as percent) for the four-celled array structure are included in parentheses. Although high-frequency resonance results were not measured due to the frequency cutoff of the impedance tube (∼2 kHz), predicted results are reported in Table I . The FEA predictions for the four-celled array structure shows an anti-resonance occurring at ∼2.3 kHz, the membrane resonance occurring at ∼3 kHz, and an additional resonance occurring at ∼2 kHz. The high-frequency behavior of the structure was negligibly affected by the change in mass magnitude, the most significant change being an increase in anti-resonance magnitude corresponding to the mass increase.
FEA was also used to predict the TL response for a four-celled array structure with variations in frame stiffness [26] . The membrane materials were the same as those used in the experimentally evaluated four-celled array. The size of each cell in the array was 27.4 mm on each side. Figure 6 shows the predicted TL of the four-celled structure with variation in frame compliance.
Fig 6. (Color online) FEA-predicted TL of 2 x 2 array structure with varying frame compliance (0.16 g/cell).
The two frame materials examined were aluminum and a glass-fiber, epoxy composite (G10). The average modulii of these materials was 75 and 17.5 GPa, respectively. The TL peak frequency was predicted to be ∼700 Hz, similar to that of the square, single-celled sample with identical mass magnitude. However, the TL peak frequency bandwidth of the structure with a composite frame was less than the frequency bandwidth of the aluminum-frame four-celled structure, with bandwidth defined as the frequency range between the two resonance frequencies.
The transmission loss of array panels stacked in series was measured using the same impedance tube setup. Identical tube adaptors and membrane materials were used for each array panel. Two configurations of mass magnitude were measured. The first configuration had identical panels, with equal mass magnitude on each cell of the array panels. The second configuration had non-identical panels with different mass magnitudes distributed across each array panel, and the stacked arrays were 10 mm apart in each case. Figure 7 shows a schematic of the two panels arranged in series (tube adaptors omitted from schematic for simplification). 
Discussion
Geometric variations to the single-celled LRAM structure altered the frequency of the TL peak.
Increasing the mass magnitude or membrane radius decreased the TL peak frequency, and the mass resonance frequency [15] . In contrast, increasing the mass magnitude did not change the membrane resonance of the single-celled structure. Increasing the mass radius, however, resulted in an increase in membrane resonance frequency due to the associated decrease in effective membrane radius. The 11 dB increase in TL peak magnitude observed with increase in mass was attributed to the increase in overall mass of the structure. Increasing the mass radius did not result in a TL peak magnitude change because the overall mass of the structure remained constant. Utilization of FEA to predict TL behavior of the structures was accurate in predicting the resonance and peak TL frequencies to within 6% of measured values.
The TL of stacked single-celled samples was also measured in the small diameter impedance tube.
Stacking of identical samples resulted in a single TL peak profile with increased TL peak magnitude, as well as TL peak and resonance frequencies within 4% of those for the single cell. Non-identical structures (with different mass magnitudes) stacked in series resulted in a multi-peak TL profile. The TL peaks measured for the stacked structures were similar to those measured for each individual sample, with an overall increase in TL of about 10 dB measured for the stacked structure. The observed increase in overall TL of ∼10 dB was attributed to the increased mass of the stacked structure over the single-layer structure, as well as the effect from the double-wall structure [30] .
FEA predictions of TL behavior of the stacked structures yielded values of TL peak and resonance frequencies within 4% of the measured values. FEA was accurate in predicting the overall increase in TL magnitude (across all frequencies) of the stacked structures compared to individual samples.
The magnitude of the TL peak, however, was over-predicted by the FEA. This over-prediction was attributed to the exclusion of membrane damping from the FEA model.
Varying the stacking distance between the structures produced the greatest effect on TL at frequencies above the membrane resonance (3.4 kHz). The additional resonance observed at high frequency was a result of the mass-spring effect of the air space between the two layers. This massspring effect accounts for the dependence of the high-frequency resonance on stacking distance, with the air space behaving as the mass and the spring behavior resulting from the restoring force of each membrane. Symmetry of the stacked structures with respect to sample order was also observed for both the identical and non-identical structures.
Measurement of TL for arrays of LRAM with uniform mass distribution resulted in a single TLpeak profile (see Fig. 5 ) with frequencies similar to those predicted using FEA. Additionally, square single-celled structures provided direct comparison of TL performance to the four-celled array structure. The measured frequencies for the four-celled array were higher than those measured for predicted pressure field was previously used to explain the discrepancy between the single-cell and array frequencies [26] . The predicted coupling resulted in an apparent increase in structural stiffness between adjacent cells in the array, thus increasing the measured resonance and TL peak frequencies.
Additionally, the difference in overall TL between the square single-cell and array structures was attributed to the difference in cross-sectional area of the impedance tube occupied by the tube adaptor-the increased tube adaptor area for the single cell increased the TL magnitude. Finally, predicted behavior of the four-celled structure with decreased frame compliance showed a decrease in TL peak bandwidth of about 700 Hz. This decrease was attributed to a decrease in resonance frequency of the frame material as a result of decreased frame elastic modulus (see Ref. 26) .
FEA-predicted TL of the four-celled array structure yielded low-frequency resonance and TL peak Comparison of the pressure and acceleration signals showed clearly that the acceleration of each of the cells was out of phase with the incident sound pressure wave (also indicating that the cells were accelerating in phase with each other). Although pressure was measured at a single position downstream of the sample, the design of the impedance tube creates a plane wave incident upon the sample, and because of the normal incidence, it was assumed that the pressure was uniform across the entire surface.
The near-180° phase difference between the pressure and acceleration signals demonstrates the negative dynamic mass behavior of the center of each cell at the peak TL frequency. Negative dynamic mass, initially predicted using FEA by Yang et al. [14] , occurs when force and acceleration of the structure are opposite in sign. Negative dynamic mass is an effective property arising from the system dynamics of the structure. This behavior affects the TL performance because when the dynamic mass becomes negative, the wavenumber of the transmitted wave is imaginary, causing transmitted waves to decay exponentially rather than propagating into the far field. This decay of transmitted waves, in combination with the reflected sound waves resulting from the near-zero outof-plane displacement [14, 15] , resulted in overall increased TL.
Arranging the four-celled arrays in series resulted in either a single-peak or a multi-peak profile, depending on the mass distribution across each panel. Uniform mass distribution across both panels resulted in a single-peak profile with peak TL frequency ∼19 dB greater than that of the single panel.
This result was a significant increase over the acoustic mass law prediction of 6 dB TL increase when the surface density of a panel is increased by a factor of 2. The decay length of the transmitted waves for a single LRAM cell was calculated using Eq. (1) (see Yang et al.) [14] to be ∼1.5 mm,
where d was the decay length, r was the sample radius, f was the frequency, and c was the speed of sound in air,
Due to this decay length compared to the separation distance between adjacent stacked panels, interaction between the panels was limited to a mass, air-spring effect typical of double-leaf panels.
For this reason, stacking distance and stacking order did not affect the low-frequency TL peak behavior.
Previous studies [15, 26] on membrane-type LRAM have examined both single-cell structures and arrays to understand the mechanism of sound insulation (in the first case), and to explore the interaction between cells and dynamics of the structure. Although these reports provided insights using both experimental and FEA techniques, the reports did not provide systematic analysis of scale-up behavior. Additionally, previous authors had presented experimentally measured results of stacked membrane-type LRAM, but had not included FEA-predicted response, or a thorough study including the effects of stacking distance and stacking order.
Conclusions
The acoustic behavior of three types of LRAM samples was investigated. Two simple structuresa single cell and a small-scale (four-celled) array-were evaluated and used to understand the acoustic response with changes in geometry and stacking of the structures in series. Systematic scaleup of the LRAM structure was performed with consistent results across both structure sizes reported and for the different geometric variations evaluated. The consistency of these results provides confidence in the ability to not only tune the acoustic performance of such simple small-scale structures, but to also design larger scale structures with the desired TL characteristics.
The practical significance of these findings remains partly unclear because of some of the outstanding challenges associated with large-scale structures that must be addressed. For example, the frame resonance frequency must be properly tuned to preserve the TL peak, and overall structural weight must be minimized when considering cell geometries. Employing thicker frames comprised of materials with reduced compliance is expected to increase the frame resonance frequency. To address structural weight of the LRAM, however, frame material should be minimized, as the largest contribution to overall weight comes from the frame material. By increasing cell size (thus decreasing the amount of frame material used), weight can be minimized. Geometric variations, such
